This study focused on the inactivation of bacterial growth using a mixture containing Salmonella enteritidis, Staphylococcus aureus, Bacillus cereus, and Escherichia coli. This bacterial mixture was added to chicken eggshells and subsequently targeted for elimination using two types of silver nanoparticle (Ag-NP) delivery systems: a composite film (named cover) and a colloidal spray. Both systems were applied to the eggshells' packaging at concentrations of 500, 1000, and 2000 ppm over 28 days. A General Linear Model (GLM), repeated measurement-Analysis of Variance (ANOVA) procedure was used to analyse the effect of time and concentration of the Ag-NP materials on the inactivation of bacteria. The maximum reduction of bacterial growth resulted from the "Spray 2000 ppm", for which the value of the bacteria reached a minimum (0.93 ± 0.42) on day 7, and was calculated to be undetected on days 14 and 28, followed by Spray 1000 ppm. In other words, increasing the concentration of the Ag-NP in both coatings, either spray or cover, significantly decreased the number of bacteria colonies on the eggshells. However, the effect of packaging with different concentrations of nanocomposites and the length of the study (number of days) did not show statistically significant results.
Introduction
Since 1960, the global production of animal proteins has increased more than three times, and the production of eggs has increased nearly by four times. [1] Increasing worldwide population and demands of consumers have played a significant part in the growing need for animal proteins, particularly for eggs. Eggs have been touted as healthy foods, following the focus on public health in many countries. [1] Eggs are composed of approximately 9.5% eggshell, 63.0% albumen, and 27.5% yolk. [2] The earth's crust contains approximately 0.1 ppm silver ions, while soil contains approximately 0.3 ppm of silver ions. [3] The Greek historian Herodotus recorded that Cyrus the Great, King of Persia (559-530 BC), had water drawn from a watercourse and "boiled it and many four-wheeled carriages drawn by mules carried it in silver containers following the king, wherever he had a visit at any time". [4] To date, silver nanoparticles (Ag-NPs) have been widely used in commercial materials, and they are increasingly used in public health and consumer products, including household disinfectant sprays, antimicrobial coatings for medical devices, and sterilization of the air and the floor. [4, 5] The antimicrobial activity of NP food packaging is a principal feature of such metal-based nanocomposites, including Ag-NP composites, which are formed by mixing polymer films with organic or inorganic matter in particular concentrations. [6] [7] [8] Nanotechnology including nano film [8] or nano spray [4] provides a lightweight material with stronger packaging barriers that protect food quality during transportation, prolongs the freshness of fruits and vegetables during storage, and preserves meats or poultry from pathogens [9] Moreover, Ahari et al. [10] found a significant effect of Ag-NPs on saffron's shelf life in commercialized conventional packaging. Similarly, Hajimirzababa et al. [11] confirmed the effect of colloidal Ag-NP spray on the inactivation of bacteria on flooring.
In addition, antimicrobial packaging (AP) materials extend the bacterial lag phase and decrease the load of bacteria, which extend the shelf life and maintain the quality of products. [12] Silver ions have a strong inhibitory and bactericidal effect on as many as 16 species of bacteria, such as E. coli. [13, 14] The high performance of NPs is due to their high surface areas, which are the main reason that metal NPs, such as Ag-NPs, display rising antimicrobial activity over time. [15] The materials being studied include titanium dioxide, Ag-NPs, cerium oxide, and fullerenes. To date, only a few studies have attempted to explain the effects of Ag-NPs on controlling the bacterial load of eggshells. For example, Farzinpour and Karashi [16] explored the effects of NPs on egg quality, but they concentrated on egg parameters, such as weight, length, width, yolk weight, and eggshell thickness, and microbial analysis was not assessed. Ag-NP sprays could also serve as broad-spectrum fungicides and may also exhibit antiviral properties. [17] Feeding bottles and mug cups developed with NP technology can help protect children with weak immunity from all sources of diseases. [9] During egg production, microorganisms can contaminate eggs at several stages. Horizontal transmission occurs when eggs are exposed to water or other liquids, especially when there is a difference between the inside and the surface temperature of the eggs. Bacteria then easily penetrate the eggshells. [18] In addition, some reports have confirmed a correlation between eggshell contamination and bacterial shell penetrations. [19, 20] In addition, the silver ions released from the surface of Ag-NPs control and cause a microorganism's death, due to their binding to the bacterial cell's membrane. [13, 14, 21] The amount of silver migration was significantly increased by time and temperature in all food simulation solutions. Such research suggested the possible mechanism for this migration phenomenon in two steps. The first step consists of the initial release of the encapsulated Ag-NP, which was placed on the specimens' surface layers. Then, the subsequent release of Ag-NP took place through a dual-sorption mechanism: diffusion and embedding. [9] Recent microbiological studies have implied that the interaction of Ag + with thiol groups within the cell membrane is responsible for bacterial inactivation. [22] Accordingly, our study compared the effects of two types of Ag-NPs products-nanocomposite packaging cover and a packaging colloidal spray-on the prohibition of selected bacterial growth: Salmonella enteritidis, Staphylococcus aureus, Bacillus cereus, and Escherichia coli. These bacteria were placed on the surface of the chicken eggshells to assay the effects of Ag-NPs release among the bacterial groups.
Materials and methods
Bacterial suspension, measurement, and egg immersion A bacterial suspension was made using 10 6 colony forming units (CFUs) ml −1 of four selected bacteria prepared from Azad Islamic University (Tehran Research and Science Branch): Salmonella enteritidis (WHO-approved), Staphylococcus aureus (ATCC 6538), Bacillus cereus (PTCC 11778), and Escherichia coli (O157:H7) all in the same ratio. The stock solution, maintained at −20°C, was prepared by adding the bacterial working suspension, and a new culture was carried out using a brain-heart infusion (BHI) broth (53286 SIGMA-ALDRICH) at 37°C for 18-20 h, with a phosphate buffered solution (PBS) (Sigma-Aldrich, St. Louis, MO). [23] The solution was kept in a refrigerator until required for the experiment. [18, 24] The wavelength of the spectrophotometer (HP-8452, Hewlett-Packard, Palo Alto, CA) was adjusted to 600 nm. Before adding bacteria to the covet, which contained 4 ml of sterile BHI broth, the absorbance was set to zero. Adequate volume of bacterial suspension was transferred to each covet, the absorbance was read, and subsequently set to 0.1.
Serial dilution was performed by adding 1 ml of bacterial suspension kept in the covet to a tube containing 9 ml of sterile 0.1% peptone water. Cultures were performed by adding 100 µl of each dilution to BHI agar plates. Plates were incubated at 35°C for 24 h. After this period, the CFU values of bacteria were counted. [25] Based on spectrophotometer absorbance, adjusted to 0.1, the number of bacteria per ml (density) in the bacterial suspension kept in the covet was calculated.
Egg study design
A total of 192 freshly laid chicken eggs were randomly purchased from a layer management system in Tehran, Iran. The eggs were sterilized using a rinse of 70% ethanol and subsequently exposed to ultraviolet (UV) light for 3-4 min. Ultraviolet intensities reached a maximum of 14 mW/cm following the method of Coufal et al. [26] Next, the eggs were randomly distributed among eight groups in triplicate. Group 1 formed the negative control as the untreated group. Group 2 formed the positive control, where the eggs were immersed only in the bacterial suspension but not given any treatment. Groups 3-5 were immersed in the bacterial suspension and then treated with an NP colloidal spray in one of the three concentrations, 500, 1000, and 2000 ppm sprayed over 5 cm away from the eggs. The spray, which was prepared in collaboration with Veterinary Section, Pars Nano Nasb, Tehran, Iran, based on the melt mixing method of Potschke et al. [27] used a sol-gel process that stabilized the suspension of colloidal solid particles within a liquid, and it was applied to the egg containers. Finally, groups 6-8 were also immersed in the bacterial suspension and subsequently were packaged with a silver nanocomposite film (named cover and prepared by veterinary section, Pars Nano Nasb, Tehran, Iran), containing the same concentrations of Ag-NPs as the colloidal spray. The polymer/silver nanocomposite film was made using the melt-mixing method. All the eggs were kept at 25°C for 28 days. The eggs of groups 2-8 were immersed in the bacterial suspension and bacterial samples of the eggshells were taken at days 0, 7, 14, and 28, after treating the eggshells of the positive groups [3] [4] [5] [6] [7] [8] with Ag-NP spray or the Ag-NP cover, as previously discussed.
Bacterial sampling and counting
During the laboratory testing of the control and treated eggs, each egg was placed in a sterile zip bag and 30 ml sterile distilled water was added, and the bag was shaken. Next, 1 ml of the solution within the bag, containing the probable selected microorganisms, was sampled. A total count was initially prepared using serial dilution. Next, 1 ml of each dilution was cultivated using the pour plate method on a count plate agar at 37°C for 24 h. A plate containing 30-300 colonies was appropriated for counting. The number of colonies was multiplied by the dilution ratio to calculate the number of bacteria in 1 ml of the sample, and the resulting number was multiplied by 30 (30 ml sterile distilled water) to calculate the whole number of the bacteria on the eggshell. [23] Scanning Electron Microscope (SEM)
The presence of Ag-NPs within the packaging material was confirmed using a SEM (Vega, Tescan, Philadelphia, PA, USA) in which the reflected light determined the size of NPs invisible to the eye. Master batches of the constituent particles were dissolved in a solvent, acetonitrile 1v/1v, [28] to make a water-based solution. These ingredients, dissolved in the acetonitrile, were inserted into two metal legs inside a device called a sputter coater. The Ag-NPs were sputter-coated with gold prior to the SEM examination. A particle-size range of 1-100 nm proved that the increased shelf life was due to the NPs formed inside the packaging materials. [29] [30] [31] Titration test Titrino (Metrohm, Herisan, Switzerland) was used to test the number of Ag-NPs attached to the packaging composite cover and the egg pack treated with the Ag-NP colloidal spray. Through the test carried out for the Ag-NPs, the whole number of the particles was tested after one month in order to determine whether the number of particles decreased or remained the same as the initial number. [32] To perform the test, each of the three different concentrations of the silver nanocomposite packaging was cut into small pieces (10 × 10 mm), individually, and the pieces were then added to a suspension of 80% sulphuric acid. That solution was poured into the Titrino device to titrate the number of silver particles. This device contained a silver chloride electrode, and the packing cover Ag-NP entered the chain without being used. Therefore, it was expected that the number of Ag-NPs in the beginning of the film usage would be equal to their numbers after performing the test, with no release of the NPs. Silver received a positive charge, and the silver chloride electrode created a positive charge and absorbed the silver particles inside the packing film. [33] Statistical analysis
All bacterial counts were expressed as log 10 colony-forming units per gram (CFU/g −1 ). The mean log 10 values were calculated on the assumption of a normal log distribution. The effects of the nanocomposite cover and colloidal sprays on different days (time × nanoparticles) were analysed using the General Linear Model (GLM), repeated measurement-Analysis of Variance (ANOVA) procedure, using SPSS 18 software (version 18; SPSS Inc., Chicago, USA). The greater and lower values of, respectively, Pillai's Trace and Wilks' Lambda showed the effectiveness of the independent factor on bacteria inactivation, while the data were analysed at the level of α = .05. Nonparametric analysis of NP releasing scores was conducted using the Kruskal-Wallis test to determine if there were significant differences between multiple groups, followed by a pairwise comparison, using the Mann-Whitney test.
Results
Values of Pillai's Trace (0.92) and Wilks' Lambda (0.08) for the groups over time showed a significance of 99%, while those for Pillai's Trace and Wilks' Lambda time × nanoparticle group were 1.38 and 0.04, respectively, which confirmed the significant effects of the variables together (p < 0.05). The estimated marginal mean log 10 values of CFU/g for the time × nanoparticle groups are tabulated in Table 1 . As shown, the marginal mean log 10 values of CFU/g for the negative control on days 0, 7, 14, and 28 were, respectively, 0.0 ± 0.13, 0.0 ± 0.42, 0.0 ± 0.67, and 0.0 ± 0.64, and the lack of bacteria on the eggshells was easily observed. The lower and upper bounds at a 95% confidence interval (CI) included zero, along with the groups with NP spray 1000 ppm on day 28 (0.99 ± 0.64), and NP spray 2000 ppm on days 14 (0.0 ± 0.67) and 28 (0.0 ± 0.64). The estimated marginal mean values, log 10 of CFU/g, on the other sampling days did not include zero for the other groups at a 95% CI. As illustrated in Table 1 , the maximum and minimum mean values for the group "Spray 500 ppm" were 4.75 ± 0.13 and 3.38 ± 0.64 on days 0 and 28, respectively. Those of the group "Cover 500 ppm" showed 4.75 ± 0.13 on day 0 and 4.65 ± 0.67 on day 14, and increased surprisingly to 4.74 ± 0.64 on day 28. The maximum and minimum CFU values for the groups with nanoparticle cover at 1000 ppm were, respectively, 4.75 ± 0.13 and 4.00 ± 0.64 on days 0 and 28, while at the same time 2000 ppm CFU values were 4.75 ± 0.13 and 2.70 ± 0.64.
As shown in Table 1 and Fig. 1 , the maximum reduction of the bacterial growth was attributed to the group "Spray 2000 ppm" in which the CFU for bacteria reached a minimum of 0.93 ± 0.42 on day 7 and was calculated to be 0 on days 14 and 28. The second-most reduction in bacterial growth was achieved by the group "Spray 1000 ppm," where the CFUs for the bacteria on days 7, 14, and 28 reached 3.65 ± 0.42, 1.95 ± 0.67, and 0.99 ± 0.64, respectively. Clearly, the CFU values did not equal Figure 1 . The effect of nanoparticles on the estimated marginal (log) means on different days of the study among the eight groups using the Titrino method (χ 2 = 4.08, p = .573).
0, even at the end of the study. The third group in which the bacterial growth was reduced the most was "Cover 2000 ppm." As shown in Fig. 2 , the sizes of the NPs identified under 15 kV and 5-10 kX magnifications were all equal to 0.08-0.12 µm, which implied a mean size value of 80-120 nm for the NPs in the packaging. The accumulation of dark points in the figures could be due to the insolubility of the constituent particles in the solvent, acetonitrile (Fig. 2c) . According to the results of the KruskalWallis test, there was no significant difference between the silver values of composite cover and colloidal sprays among the eight groups, using the Titrino method (χ 2 = 4.08, p = .573).
Discussion
One of the recent strategies to improve the production, distribution, hygiene, and processing of foods is the use of nanotechnology in food industries. [34] Antimicrobial studies proved the impact of NPs on bacteria reduction in contact with the Ag-NP constituents of packaging from a few minutes to 24 h incubation, [15] which was in line with our study, and showed that remarkable bacteriostatic and bactericidal activities occurred after spraying with Ag-NP colloidal spray at 1000 and 2000 ppm on 7 days and on 14 and 28 days, respectively. Unlike the Ag-nanocomposite film (cover), this result showed the Ag-NP colloidal spray could effect both Gram negative and positive bacteria after 7 days up to end of the experiment. The rough structure (Fig. 2C and D) with more visible tiny pores and with more visible and dispersed silver particles on the surface with the potential of trapping humidity incorporated with the mixture of pathogens could result in better efficiency of Ag-NP colloidal spray versus "nanocomposite cover". These pores can allow the structure to perform channels and to allow the chemicals and pathogens to enter the matrix in contact with nano silver to enhance the antibacteriocidal actuality. Sanchez-Valdes et al. [35] confirmed that the spay method used to apply the silver nanocomposite shows tiny pores on the surface, which could increase the rate of diffusion of the chemical entities, such as water, gas, and silver ions, into the composites and enhance the microbial activity of the silver particles. They showed this effectiveness act with a smaller size of Ag-NPs (7.8-87.3 nm), which was relatively similar to the results obtained in this study (spray method). Egger et al. [36] demonstrated that the silver-silica nanocomposite-containing polystyrene material had significant antibacterial activity against E. coli (<100 CFU/g) rather than S. aureus (1.4 × 10 3 9.0 × 10 2 CFU/g) after 24 h. Recently, research revealed that highly reactive metal oxide MgO-NPs exhibit excellent biocidal action against Gram-positive and Gram-negative bacteria, [37] and positively charged NPs were particularly crucial in bactericidal activity. [14] The silver nanocomposite cover at 2000 ppm was effective in decreasing bacterial growth, but it did not stop the growth of bacteria entirely when the bacterial count was gradually reduced to 2.70 ± 0.64 log 10 CFU/g. Contrary to the obtained titration values of our results, which showed no significant differences among the treatments and controls, implying an insignificant effect on bacterial reduction, Fernandez et al. [21] found that the released silver ions were remarkably effective in decreasing the population of spoilage-related bacteria in cellulose-based absorbent cushions. Accordingly, the lag phases of the bacteria were significantly augmented and microbial loads in the pads remained on average approximately three log 10 CFU/g −1 below the control. Accordingly, the total count of eggshell bacterial load was calculated to be 1.30 ± 0.80 log 10 CFU/ g after 21 days without any treatment. In agreement with our results, the CFUs of the eggshells were enumerated to be 0.0 ± 0.67 and 0.0 ± 0.64 log 10 CFU/g after 14 and 28 days, respectively. This finding showed the effectiveness of higher Ag-NP concentrations, such as "Spray 2000 ppm," which completely inactivated the bacteria from the eggshell on day 14. Nevertheless, the CFU/g for the groups "Spray 1000 ppm" and "Spray 500 ppm" were calculated to be 0.99 ± 0.64 and 3.38 ± 0.64, respectively, which suggests that "Spray 1000 ppm" can relatively reduce the bacterial load from the eggshell on day 28, but the "colloidal Spray 500 ppm" did not decrease the bacterial load. Spray disinfectants containing Ag-NPs might be more effective at killing bacteria than those made with larger, conventional silver particles, and this bactericidal effectiveness is due to the higher surface area-to-volume ratios of the smaller particles. [4] Our results showed that there were significant bactericidal effects from the Ag-NP spray at 1000 and 2000 ppm. In accordance with the results at a temperature of 25°C, Theron et al. [38] showed no significant growth of E. coli. Sondi and Salopek-Sondi [14] showed that when Ag-NPs were introduced to agar plates, they could completely inhibit E. coli growth, but when they were applied using a liquid medium, even at high concentrations, the NPs only caused a delay in the growth of E. coli. SEM results in this study implied the size of 80-120 nm as the mean value of Ag-NPs in the egg packaging. This was in agreement with our previous findings, [39] which confirmed that increasing the food life-span using Ag-NP covers occurred by decreasing the size of the bactericidal materials to sizes smaller than 100 nm, by which their properties follow the quantum physics rules. In total, different dilutions of Ag-NP coatings, using either spray or cover methods, functionally decreased the bacterial CFUs, but the results of this study imply the ineffectuality of the silver nanocomposites at 500 ppm and 1000 ppm in inactivating or reducing the bacterial count on the eggshells. On the other hand, the silver nanocomposites at 2000 ppm were effective in diminishing bacterial growth, but they did not stop the growth of bacteria entirely. In other words, increasing the concentration of Ag-NP coatings, using either spray or cover, created a significant decrease in the number of bacteria colonies on the eggshells. However, the effects of packaging at various concentrations of nanocomposites and the number of days within the study showed no statistically significant results. Finally, the colloidal Ag-NP spray, particularly at concentrations of 2000 ppm, was safer and more effective in inactivating bacteria on the eggshells through day 28, than the silver nanocomposite cover.
